Using the so-called ac field technique, we investigate experimentally the influence of optical beam coupling on the generation of subharmonic gratings in a photorefractive sillenite crystal. By the use of two different recording configurations, we are able to distinguish between effects caused by material nonlinearities and effects caused by optical beam coupling. © 1998 Optical Society of America [S0740-3224(98) 
INTRODUCTION
Subharmonic generation in photorefractive crystals refers to the effect in which a fundamental holographic grating with a grating vector K, recorded in a photorefractive crystal by two crossed laser beams, becomes unstable against the excitation of new secondary gratings with grating vectors K/2, K/3, and K/4, etc., 1 as illustrated in Fig. 1 . The first attempts at finding an explanation for this effect were based on beam coupling, 2, 3 relying on the preferential amplification in certain directions of scattered light. However, many characteristic features that were observed experimentally could not be explained by this approach. Subsequently, pure material theories were introduced [4] [5] [6] [7] in which beam coupling is disregarded so that only the material equations (band-transport equations) are considered. From these models it was found that pairs of secondary gratings for which k 1 ϩ k 2 ϭ K, where k 1,2 are their grating vectors, can be excited spontaneously in the medium, i.e., in the absence of any k 1,2 components arising from the light-interference pattern. The generation of subharmonic K/2, K/3, and K/4 gratings then represent special cases in which k 1 or k 2 assumes an integer fraction of K. These statements were later supported by experiments performed in a new configuration in which optical beam coupling is avoided. 8, 9 There it was demonstrated that the special case of K/2 subharmonic generation, in which the subharmonic grating has a spatial frequency of half the fundamental one, can take place. Moreover, many other features of the experiment seemed to agree well with the space-charge wave theory. 9 There remains, however, a fundamental feature of subharmonic generation that the space-charge wave theory has yet to explain, namely, why there seems to be a dominance of the K/2, K/3, and K/4 subharmonic gratings over other secondary gratings.
1,10-13 Another striking fact is that K/3 and K/4 subharmonic gratings have never been observed in the new configuration (without beam coupling). Therefore it seems natural to ask the question, Could it be that the distinct division of the secondary gratings into K/2, K/3, and K/4 gratings is due to beam coupling? The purpose of this paper is to elucidate this question.
Subharmomic generation has been observed in the sillenites Bi 12 SiO 20 (BSO), Bi 12 TiO 20 , and Bi 12 GeO 20 , and two different techniques have been used: (i) application of a constant (dc) electric field via the electrodes shown in Fig. 1 along with illumination by a moving lightinterference pattern (obtained by shifting the frequency of one of the optical beams), 1, [8] [9] [10] [11] [12] and (ii) application of an alternating (ac) electric field along with illumination by a stationary light pattern. 13 In this paper we use the ac technique because with this technique the thresholds for generating the K/3 and K/4 subharmonic gratings are lower than for the dc technique; hence the K/3 and K/4 gratings are easier to excite with the ac technique. The crystal used is a BSO crystal cut so that both the traditional configuration (with beam coupling present) and the new configuration (without beam coupling) can be applied. By comparing the results of the two configurations, we are able to assess the influence of optical-beam coupling. The details of the experiments are presented in Sections 2 and 3, and the results are discussed as a whole in Section 4.
EXPERIMENTS PERFORMED IN THE TRADITIONAL CONFIGURATION
In the first experiment we use the configuration traditionally used in subharmonic experiments. 1, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The details of the setup used are shown in Fig. 2 . A vertically (ʈ y axis), linearly polarized laser beam from a diode-pumped, frequency-doubled ND:YAG laser at wavelength 532 nm (L 1 ) is expanded to obtain a cross-sectional area that is large enough to cover the (110) face of the BSO crystal. A beam splitter splits the beam in two, one half of which is sent through a /2 plate and then via mirror M 1 to the (110) face of the crystal. The other beam is sent to the crystal via mirrors M 2 and M 3 so that the fringe spacing of the light-interference pattern is ⌳ ϭ 21 m. The total intensity of the two recording beams is 40 mW/cm 2 , and the beam ratio ␤ is 2.7. By rotating the /2 plate, one can vary the intensity modulation m according to the formula m ϭ 2ͱ␤(1 ϩ ␤) Ϫ1 ͉cos()͉, where is the angle between the directions of polarization of the recording beams.
The BSO crystal is the same as that used in Ref. 8 . It measures 5 mm ϫ 10 mm ϫ 11 mm along the ͗110͘, ͗110͘, and ͗001͘ crystallographic directions, respectively. The two (110) faces are painted with silver paint and then connected to an electric square-wave field generator, which can supply a field with an amplitude, E ac as high as 7.5 kV/cm. The slew rate of the generator is 0.6 kV/s, so that a good square-wave form can be obtained well into the kHz region.
Finally, the recorded holograms are read out by a 2-mW expanded He-Ne laser beam, which has a diameter of ϳ3 mm. The read-out angle of this beam is adjusted to Bragg match the fundamental grating with a grating vector K. The diffraction patterns are monitored on the screen S, as illustrated in Fig. 2 . The reason that the read-out beam is expanded is to keep it from playing any active role in the recording process. One can easily confirm this by quickly switching on the read-out beam and then observing whether the diffraction pattern exhibits a transient change. If the pattern appears instantaneously, the read out is nondestructive.
In the first experiment the square-wave amplitude E ac is set to 7.5 kV/cm, and the square-wave frequency f is set to 180 Hz. The intensity modulation coefficient is then varied by rotation of the /2 plate, and the resulting diffraction patterns that appear on the screen are recorded by a CCD camera. The diffraction patterns are shown in Fig. 3 . At m ϭ 0.08 a weak and rather broad diffraction pattern appears between the zeroth-and first-order diffraction spots. It implies that some structure with a range of grating vectors around K/2 is excited. By in- The large spot on the left is due to the directly transmitted read-out beam (zeroth order), the spot on the right is due to diffraction in the fundamental grating with grating vector K (first order), and the light patterns between are due to diffraction in secondary gratings with grating vectors between 0 and K. Note that the contrast has been increased in the upper picture to be able to visualize the weak subharmonic pattern.
creasing the modulation coefficient, we see that the central diffraction pattern becomes stronger, and at m ϭ 0.5 a somewhat more confined spot is observed at K/2. At m ϭ 0.78 this central spot is even more localized, so that a more or less distinct K/2 grating is present, and in addition two spots appear centered at K/4 and 3K/4. At m ϭ 0.86 these additional spots disappear, and at m ϭ 0.88 the central spot also disappears. Instead, two new spots at K/3 and 2K/3 appear. Hence from m ϭ 0.78 to m ϭ 0.88 we observe a transition from mixed K/2, K/4 through pure K/2 to pure K/3 subharmonic generation. To the best of our knowledge, such a dependency on intensity modulation has never been observed before. Having said that, however, one has to add that even though the grating vectors K/2, K/3, K/4, etc., seem to characterize the diffraction patterns, their diffraction spots are certainly not as well defined as the one for the fundamental grating.
In Ref. 13 the transitions between different subharmonic regimes were observed when the frequency f was changed. To check whether this is the case in our experiment, too, we keep the modulation fixed and then change both f and E A , one after the other. Surprisingly, we observed that practically nothing happens to the shape of the secondary diffraction patterns when these two parameters are varied; the patterns vary only in intensity. Thus, in our experiment, the structure of the secondary gratings, i.e., whether K/2, K/3, or K/4 dominates, seems to be determined by the intensity modulation, whereas the strengths of the gratings seem to be controlled by f and E ac . The threshold values for f and E ac are shown in Fig. 4 . For all three cases it is seen that there is an upper and lower threshold for f and only a lower threshold for E ac . The threshold values of E ac are significantly increased as f falls below 200 Hz. It is also seen that K/2 has a lower threshold than K/3, which then again has a lower threshold than K/4.
EXPERIMENTS PERFORMED IN THE NEW CONFIGURATION
The experimental setup for the new configuration is almost identical to the one shown in Fig. 2 . However, the recording beams are now incident on the crystal from above, i.e., on the (001) face, as shown in Fig. 5 . This change in geometry is performed simply by tilting the two mirrors M 1 and M 3 ( Fig. 1) so that the recording beams just pass the top of the crystal. By means of a new mirror M 5 (Fig. 5) positioned just above the crystal, the two beams are redirected to hit the top crystal face, (001). Thus, if we disregard the small power loss in the reflecting mirror M 5 , we can assume that the fringe spacing and the dc light intensity is unchanged as compared with the traditional setup used in Section 2.
With f and E ac set to 180 Hz and 7.5 kV/cm as in Fig. 3 , we observe the read-out patterns shown in Fig. 6 . The difference between the results obtained from the two configurations is seen immediately when these pictures are compared with the corresponding upper (m ϭ 0.08) and lower (m ϭ 0.88) pictures in Fig. 3 . In the new configuration one sees only a line of diffracted light that more or less covers the whole distance from the zeroth-to the first-order spot. The line of light is, however, slightly filamented, apparently in some random way. In terms of structure, this pattern remains more or less the same for all values of m between 0.08 and 0.88; the only thing that changes is the intensity of the pattern, where, obviously, the intensity increases with m. As regards the dependence on f and E ac , one sees a similar behavior, namely, that the structure of the diffraction pattern remains the same, but the intensity increases with f and E ac . Hence in the new configuration there is no sign of any division of the secondary gratings into subharmonic gratings. 
DISCUSSION
We have investigated the generation of secondary gratings in a BSO crystal under application of an ac squarewave electric field for two different configurations referred to as traditional and new. The only difference between the two is that optical beam coupling between the recording beams is possible in the traditional configuration but not in the new configuration. As regards the structure of the secondary gratings, we observe significant differences between the two configurations. In the traditional one it is possible to obtain more or less distinct subharmonic gratings, such as K/2, K/3, and K/4, but in the new configuration gratings with an almost continuous spectrum of grating vectors between 0 and the fundamental grating vector K are observed. Thus in the new configuration it is not possible to obtain distinct subharmonic generation. On the basis of these observations we can say that, when the ac technique is used, subharmonic generation, i.e., the division of the secondary gratings into K/2, K/3, K/4, etc., gratings, is a beam-coupling phenomenon because the divisions are seen only when beam coupling is present. What starts the subharmonic generation in the traditional configuration might, however, still be the nonlinearities in the material equations. So, what happens is, perhaps, that a broad continuum of gratings with grating vectors between 0 and K are excited initially through a nonlinear material process, and then beam coupling starts playing a role and favors some distinct grating vectors (K/2, K/3, K/4), making the final result subharmonic generation.
The broadness of the secondary diffraction spots in Fig.  3 reveals, however, that not even in the traditional configuration can one talk about pure subharmonic generation. It is more correct to speak about packages of secondary gratings with grating vectors around K/2, K/3, K/4, etc., rather than distinct subharmonic gratings.
The observations above are very important for future work in the field of photorefractive subharmonic generation. As regards experiments, if one intends to verify the results of the space-charge wave theory, one has to use the new configuration to avoid the influence of beam coupling. On the other hand, as regards theory, if one intends to find a theoretical explanation of subharmonic generation, one cannot restrict the analysis to the bandtransport equations; beam coupling, i.e., the optical wave equation for the recording beams, has to be taken into account as well. Furthermore, because of the broadness of the secondary diffraction spots in Fig. 3 , one has to consider packages of gratings with grating vectors around the subharmonic ones rather than distinct subharmonic gratings. As regards theoretical modeling of the generation of secondary gratings in the absence of beam coupling, the present space-charge wave theory seems to need modification, too, because the theory in its present form 7 considers only one distinct pair of secondary gratings. Obviously, as shown in Fig. 6 , this is far from sufficient.
Most work on subharmonic generation-theoretical and experimental-concerns the dc technique (with a moving light pattern and a dc electric field). Therefore one of the very interesting questions to be investigated in the future is, Do the dc subharmonics exhibit features similar to those found here for the ac subharmonics? Our guess can only be that optical beam coupling has some influence in the dc case, too, as has been suggested already in the literature. 14, 15 What is worth noting is that little emphasis has been made in investigating whether the subharmonic diffraction patterns were due to distinct gratings or narrow packages of gratings. In many cases 1, 10, 13, [16] [17] [18] [19] a lens has been used to focus the diffracted beams, thus making it impossible to judge their structure. Another interesting question is, Were the diffraction efficiencies of the subharmonic K/2 grating, obtained previously in the new configuration, 8, 9 really a result of a single K/2 grating, or was it a narrow wave package centered at K/2? This question is important, as all theoretical modeling using the space-charge wave theory is based on the assumption that the subharmonic gratings are distinct and not packages.
